Studies of electrostatic repulsion in ultrafiltration membranes are limited to applications of different organic compounds carrying a set of unique characteristics, or to changes of general water parameters such as ionic strength and pH. The proposed method of deliberate alteration of surface charge of organic molecule by succinylation or by guanidination provides an opportunity to selectively investigate the electrostatic mechanism without changing size or hydrophobic properties of investigated molecule. The approach was successfully implemented on BSA protein, and new inside into the mechanism of electrostatic mechanism was obtained. The electrostatic repulsion becomes important when zeta potential of the protein exceeded 20 mV, when before the threshold the interactions were mainly governed by size exclusion.
INTRODUCTION
Ultrafiltration (UF) membranes are implemented in various water treatment processes, such as in pre-treatment to reverse osmosis membranes, in tertiary treatment of wastewater streams, as stand-alone filtration process for surface water streams, etc. Further expansion of UF membrane technologies is currently slowed down by fouling caused by organic matter typically present in the water. The fouling causes reduction of flux and therefore requires special treatment by means of either pre-treatment of raw water, or periodic backwash of the fouled membranes.
Continuous research of fouling phenomenon detected three main fouling mechanisms of size exclusion, hydrophobic interaction and electrostatic repulsion.
Size exclusion is usually considered in a context of retention of particles bigger than average pore size in the membrane. To be implemented for retention of organic matter, molecular weight of a molecule is converted into hydrodynamic radii by comparing the diffusivities of the spheres calculated with Stokes-Einstein equation, with diffusivities of organic molecules . That approach might be problematic as organic molecules are likely to have a shape that deviates from a sphere. The shape might change as a result of changes in solution chemistry and after interaction with other molecules, or to stretch out under high pressure . As a result, macromolecules with an equivalent diameter much higher than average membrane pore size might penetrate the UF membranes through, as it is depicted on Figure 1 for proteins. Hydrophobic interactions are viewed as adsorption or capture of organic matter by membrane material until equilibrium or saturation is reached. The effect depends on chemical affinity of the solute to polymer material. The adsorption mechanism is hence very specific to membrane and solute and also influenced by solution chemistry.
Charge repulsion and electroneutrality are usually described as solutes having the same charge as the membrane are being retained more, while solutes with the opposite charge are attracted by the membrane and subsequently permeate more easily. For UF membranes that phenomenon is also attributed to the size ratio between organic molecule and pore-if the pore is large enough in doi: 10.2166/wst.2008 The experimental approach for studies of fouling phenomenon is based on filtration experiments performed with either natural or artificial solutions having organic content. There are three groups of parameters-feed water characteristics, membrane characteristics, and operational conditions-that might influence degree of fouling, and the main task is to correctly address single factors from each group. It is easier to do so for membrane characteristics such as pore size and distribution, membrane hydrophobicity and surface charge by studying membranes from the same polymer with different molecular weight cut-off (MWCO), or membranes with same MWCO made of various materials (Jarusutthirak & Amy 2001; Taniguchi et al. 2003) . It can be done for operational conditions such as transmembrane pressure, flow mode and module design (Vane & Alvarez 2005; Gillerman et al. 2006) .
However changing characteristics of the organic material is not a trivial task. The usual approach is to perform separate UF membrane tests with different organic compounds, sometimes taken from a similar functional group (Mehta & Zydney 2006) . The approach is as simple and useful as problematic if we take into account that each organic molecule carries a full unique range of parameters.
Simplifying the organic molecule down to its functional group and macroscopic characteristics, we must agree that each molecule will have its own molecular weight, hydrophobic behavior and surface charge. The conclusions usually drown on the retention mechanisms will be of general character since the retention itself is governed by all the properties. The other way to assess the importance of electrostatic repulsions is to amend the characteristics of feed water such as pH, ionic strength and concentration of organic matter (Matsumoto et al. 2003) . That approach is also less than optimal since the change will affect the characteristics of water, the organic molecule and membrane surface. That might influence the secondary structure of organic material changing its shape from globular to linear form as it is shown on Figure 1 . Hence application of the currently available tools for studies of fouling phenomenon is likely to not be able to differentiate between the main fouling mechanisms, and even if a researcher intends to study the electrostatic phenomenon alone more likely that all the fouling mechanisms will be involved.
Here we suggest a novel way to assess the importance of electrostatic interactions in fouling of UF membranes by a deliberate alteration of surface charge on the organic molecules. Selective alteration can be performed by either succinilation or by guanidination resulting in formation of the same compounds with extensive negative or positive charge, as illustrated on Figure 2 for proteins. The obtained molecule has no influence on the solution chemistry and its introduction guards the system status-quo except for the degree of electrostatic interactions. In brief, pieces of membrane taken from a flat sheet were cut into round shapes with cross sectional areas of 0.0017 m 2 .
MATERIALS AND METHODS
The membrane pieces were thoroughly rinsed with deionized water at 308C by shaking at 100 rpm on a mechanical shaker for 1 h before an experiment, after which the membrane sheets were placed in the cell. Membrane compaction experiments were performed by filtration of deionized water for 30 min at 2 bars N 2 (99.99% purity)
pressure. In these experiments, membrane flux was calculated gravimetrically as:
where Dm is the permeate weight difference (kg), Dt is the frequency interval (h), S is the active membrane surface area (m 2 ), P is TMP (bar), and r is the permeate density (kg/m 3 ). Well known protein bovine serum albumin (BSA) was modified following the procedure previously described by Habeeb et al. (1958) . That is however can serve as a premise for developing a full range of modified compounds. Briefly, for the current study 12 moles of succinic anhydride Guanidination of BSA was performed with 1-guanyl-3,5-dimethylpyrazole Nitrate (GDMP) prepared from aminoguanidine nitrate (Sigma-Aldrich) and 2,4-pentanedione (Habeeb 1972) . Five percent (by weight) BSA were reacted in 0.5 M GDMP at pH 9.5 and 08C for 7 days. After reaction Influence of charge modification on the BSA size is depicted in Figure 4 .
RESULTS AND DISCUSSION
The same 50,000 magnification allows comparing the approximate size and shape of native and modified BSA.
The native BSA is of a round shape with an average size of When the absolute value of zeta potential of the macromolecule is below 20 mV, the repulsion might take place but it is less dominant. That has a direct influence on the degree of fouling as depicted on Figure 6 for pH values of 5, 7, and 9. Degree of fouling as a function of pH for native BSA had been reported in our previous communication (Kuzmenko et al. 2005) . Here we report flux results for succinylated BSA (Figure 6a ) and comparison of fluxes for native, succinylated and guanidinated BSA at pH 5, 7 and 9 (Figure 6b -d) .
Fluxes of succinylated BSA has shown that the higher absolute value of zeta potential, smaller degree of fouling and less significant flux drop. One common tendency that was depicted throughout the experiments is that flux drop occurs almost immediately, and that is strictly opposite to previously described (Iritani et al. 2007 where zeta potential of succinylated BSA were closer to electroneutrality than at any other pH was significant and for the first minute the flux reduction from 80 to 30 l/m 2 -h was observed. That was followed by a plateau for the rest of the experiment. For other pH values the flux drop was less Although the general trend of reduced fouling with increased electrostatic repulsion was obvious, the approach 
